We present data on the coverage and nearest-neighbor dependences of the diffusion of CO on Cu͑111͒ by time-lapsed scanning tunneling microscope ͑STM͒ imaging. Most notable is a maximum in diffusivity of CO at a local coverage of one molecule per 20 substrate atoms and a repulsion between CO molecules upon approach closer than three adsites, which in combination with a less pronounced increase in potential energy at the diffusion transition state, leads to rapid diffusion of CO molecules around one another. We propose a new method of evaluating STM-based diffusion data that provides all parameters necessary for the modeling of the dynamics of an adsorbate population.
The diffusion of adsorbates on surfaces is of fundamental importance for a wide variety of processes ranging from surface catalytic reactions 1 to film growth. 2 Recently, a number of novel experimental techniques [3] [4] [5] [6] addressed the adsorbate diffusion potential. In realistic systems, adsorbates are not isolated on surfaces. Various studies have pointed to a substantial impact of neighboring adsorbates on the diffusion of metal [7] [8] [9] [10] and hydrogen 11 atoms as well as CO ͑Refs. 12-15͒ and benzene 6 molecules on metal surfaces. These studies address adsorbate diffusion in the context of pair interactions or pair potentials and find a pronounced impact of adsorbate-adsorbate interactions on the adsorbate diffusivity and the resultant distribution of pair separations. Data analysis based on the absolute value of the distance between two particles cannot, however, directly describe ensemble effects ͑i.e., the dependence of diffusivity on local coverage͒ nor can it reproduce realistic diffusion pathways on surfaces, as it is inherently unable to make any predictions regarding diffusion transversal to pair vectors. In contrast to previous studies, this manuscript ͑a͒ evaluates the diffusivity of CO as a function of the local coverage and ͑b͒ follows the dynamic evolution of CO pairs, from which two-dimensionallyresolved information about the CO diffusion potential is obtained, that reaches fundamentally beyond the data contained in pair potentials. This sets it apart from studies based on the analysis of pair separations, in which sequential images of a surface are regarded as unrelated and, hence, the information contained in the dynamics of the adsorbate reorganization ͑e.g., the distribution of diffusion directions͒ is omitted.
There is a long history of the investigation of CO diffusion on copper surfaces, in which diffusion studies based on laser-induced thermal desorption ͑LITD͒ play an important role. 16 These studies inherently address the dynamic character of the diffusion process, yet it has been noted that a precise atomistic picture of the diffusion can only be extracted from such data, if the dependence of the diffusivity on the local coverage is known. 17, 18 This is provided by this study.
We use a homebuilt scanning tunneling microscope ͑STM͒ similar to those developed by Stipe et al. 19 and
Meyer. 20 It is housed in a UHV chamber at a base pressure below the 3 ϫ 10 −11 Torr limit of our hot-cathode ion gauge and it is capable of performing measurements between 10 and 300 K, as well as of temperature sweeps by 50 K without loosing registry of the site under investigation. Our Cu͑111͒ sample is prepared by several cycles of sputtering and annealing; CO was deposited after the cooling of the sample to 30 K and the inspection of sample cleanliness by STM. It should be stressed that the image of CO molecules in STM depends strongly on the chemical nature of the tip apex:
21 a bare metallic tip images a CO molecule as an indentation of the Cu substrate, whereas a tip carrying a CO molecule symmetrically at its apex sees it as a protrusion; asymmetrically decorated tips can show a superposition of both images at slight offset. Generally we find, that CO tips are more useful for work at higher CO coverages, because they better resolve the exact position of CO molecules in close vicinity ͑one to three adsites͒ of one another, whereas bare metal tips work better at very low coverages, where the Cu surface-state oscillations offer additional information. We obtained a large number of movies of CO motion on Cu͑111͒ ͑the accumulated duration of evaluated data exceeds 100 h͒ in five separate sample preparations intersected by bakeout of the system and a variety of unrelated measurements. The experimental procedure of LITD diffusion measurements can be simulated by STM at atomic resolution using a sequence of clearing of an area of a CO-covered surface using high-voltage scanning 14 and subsequent time-lapsed imaging of the CO diffusion back into that area. Figure 1 shows two images from a long sequence, 22 in which we followed the diffusion of molecules at the edge of a bleached area. A molecule in the middle of the bleached area ͑white circle͒ diffuses at a relatively slow rate. Such molecules experience a low local coverage, i.e., they have a small number of neighbors within a radius of a few Cu-Cu distances. An increase in the local coverage to 0.05 CO molecules/ substrate atom ͓monolayers ͑ML͔͒ leads to an increase in the hopping rate by a factor of Ͼ2 ͑e.g., black circle͒. When a large number of CO molecules are in close vicinity to one another, they form an ordered pattern, in which they hinder each other's diffusive motion ͑white rectangle͒, which leads to a significant reduction in their diffusion rate. Figure 1͑c͒ shows the variation of the diffusivity of CO with coverage, which underlines the substantial impact of the local coverage on the behavior of adsorbate surfaces.
Unfortunately, even the most advanced densityfunctional theory codes often cannot find the correct equilibrium on-top position of CO on Cu͑111͒ ͑in contrast to many other, well-described adsorbate/substrate combinations͒. 23 This fact puts it beyond the scope of this study to find a theoretical underpinning of the phenomenon observed. We wish to mention, however, that vibrational excitation transfer, as common for CO on halides, 24 is not likely to be the case here given the ultrashort vibrational relaxation times for CO/Cu͑111͒. 25 Rather than looking for a theoretical description of the fundamental processes leading to the observed increase in diffusivity, we address this question experimentally by preparation of very low coverages of CO / Cu͑111͒ of Ϸ0.003 ML, we can investigate the interaction between a CO molecule and its nearest neighbor without excessive impact of more remote CO molecules ͓Fig. 2͑a͔͒. 22 If an analysis in the context of pair potentials is chosen ͑as presented by Repp et al., 7 Mitsui et al., 12 etc.͒, the distribution of separations between adsorbates is extracted from such images. The Fourier transformation of the resultant pair distribution function yields the pair potential, i.e., the attractive or repulsive interaction between neighboring adsorbates of varying separation.
Rather than proceeding along that avenue, we analyze several thousand hopping events at a fixed temperature ͑40 K͒ and obtain the hopping rate and direction of CO diffusion in dependence on the vector to the nearest neighbor. Figure 2͑b͒ shows the hopping rate of a CO molecule in the vicinity of another CO molecule as polar plots anchored at each possible CO-CO vector. The color of the polar diagram encodes the CO-CO separation, and the size of the polar vectors indicates the rate of hopping in the direction it points Molecules at low local coverage ͑white circle͒ diffuse far less rapidly than molecules in areas of higher local coverage ͑black circle͒. The numbers of hops occurring between acquisition of the left and right image ͑38 min͒ are indicated for the highlighted molecules. At high local coverage ordered patterns form which hinder the diffusive motion of CO ͑white rectangle͒. A movie encompassing these images can be found in the supporting information. ͑c͒ The hopping rate of CO as a function of the number of neighboring CO molecules within a radius of 6 ͑͒ or 8 ͑b͒ Cu-Cu distances ͑2.55 Å͒ and a polynomic fit of the data ͑dashed line͒. Also shown is a Monte Carlo simulation of the hopping rate based on diffusion data of individual molecules ͑open symbols, dotted linear fit͒.
FIG. 2.
͑a͒ STM image ͑300 mV, 50 pA, 40 K, 5 ϫ 4 nm 2 , 53 s/image͒ of a low coverage of CO / Cu͑111͒. The sequence on the right shows selected snapshots of the evolution of the center pair of molecules at intervals of several frames. The supporting information contains a movie encompassing these images. ͑b͒ Distribution of diffusion rates of a CO molecule in the vicinity of another one located at the bottom left of the graph. The polar diagrams at each on-top adsite indicate the diffusion rate in the respective direction. At close CO-CO separation, diffusion with a component transversal to the CO-CO vector is strongly enhanced. This manifests itself as the molecule's dancing around one another as observed in panel a. The different CO-CO separations are color coded. ͑c͒ Dependence of the CO hopping rate on the position of the nearest-neighboring CO molecule. At separations larger than three Cu-Cu distances, the assignment of specific relative adsites is not possible with sufficient certainty and only averaged values for all molecules in a certain separation interval are indicated.
to. For instance, at ͱ 3 separation ͓mint-colored polar plot of Fig. 2͑a͔͒ , we find slow diffusion ͑short vector in the polar plot͒ towards the nearest-neighbor sites but rapid diffusion ͑long vector in the polar plot͒ towards sites of 2 and ͱ 7 separation. In summary, this data set shows a strong variation of the hopping rate with separation from the nearest neighbor ͓as summarized in Fig. 2͑c͔͒ as well as a pronounced anisotropy of the diffusion direction, especially at ͱ 3 separation.
Compared to isolated CO molecules, we find accelerated diffusion in the vicinity of a neighboring CO molecule, not only in the radial CO-CO direction but also transversal to the CO-CO vector ͑e.g., see the polar diagram at ͱ 3 separation͒.
The latter observation is beyond models based on the analysis of pair separations.
Temperature-dependent measurements of the diffusion rate of isolated molecules offer us direct information about the diffusion potential U diff for CO / Cu͑111͒ in the absence of neighbor interactions ͑Fig. 3͒. The resultant barrier height is 75± 5 meV and the attempt frequency is ͑5.3± 0.4͒ ϫ 10 7 Hz, which is very low compared to many other attempt frequencies but well in line with the data of Briner et al. 13 for CO / Cu͑110͒ ͑3 ϫ 10 7 Hz͒ and the data of Heinrich et al. 5 for CO chevrons on Cu͑111͒ ͑2.5ϫ 10 5 Hz͒. If we assume that all six diffusion directions have the same attempt frequency ͑of 1 / 6 of the frequency observed for diffusion in any of the six possible directions͒, then for each diffusion direction shown in Fig. 2͑b͒ we can calculate the diffusion barrier ͑U bridge ͒. We wish to point out that this is an approximation only and that possible differences in the entropy associated with the diffusion transition state may actually affect the prefactors. Once all the barriers are known, the variation of the potential energy at each adsite ͑U on top ͒ can be reconstructed. Figure 4 shows the resultant values. They are in agreement with the analysis of the distribution CO-CO separation according to the method described previously. 7, 12 The interpolation of the potential in Fig. 4 assumes truncated harmonic oscillators at each adsite, whose force constant varies with the oscillation direction to reflect the different diffusion probabilities. From this assumption, we can extrapolate the diffusion potential at the hollow sites ͑U hollow ͒ ͑which are unfavorable for CO adsorption͒. 5, 26 Knowledge about U hollow , U on top , and U bridge permits us to reconstruct the entire diffusion potential of CO in the vicinity of another CO molecule by use of the Poisson equation,
with the boundary conditions of the known potentials at the on-top, bridge, and hollow sites. Figure 4 shows on the left-hand side the diffusion potential of one CO molecule in the presence of another one at the center of the plot. The variation from the diffusion potential in the absence of the CO molecule at the origin is shown on the right. This perturbation is on the level of a few meV ͑at an error below 1 meV, which derives from the statistical uncertainty of the original data set͒. The potential at the origin was chosen arbitrarily high in order to reflect the impossibility of adsorbing two CO molecules at the same substrate atom under our experimental conditions. We find a repulsive interaction between neighboring CO molecules that are separated by ഛ2 Cu-Cu distances. This repulsive interaction is stronger at the adsites than at the diffusion transition states ͑i.e., bridge sites͒. For instance, nearest neighbors experience a repulsive interaction of 7.3 meV, yet the potential at the diffusion transition state between nearest-neighbor sites is only 5.3 meV higher than in the unperturbed case ͑black rectangle͒. This renders transversal diffusion 2 meV more facile than in the absence of the CO molecule at the center. This results in the apparent rotation of molecules around one another shown in Fig. 2͑a͒ . At ͱ 7 separation ͑white rectangle͒ we find an attractive interaction between neighboring CO molecules which makes pairs of CO molecules stay together for a longer time than it would be the case for an entirely repulsive interaction potential. This potential valley serves as a starting point for the excursion of CO molecules to shorter separations, where they will diffuse rapidly ͑due to the lowering of the effective diffusion barrier͒ but stay only for brief durations ͑due to CO-CO repulsion͒.
We would like to stress that without information about all the diffusion barriers shown in Fig. 4 no meaningful simulation of the diffusive motion of ensembles of CO is possible. We performed Monte Carlo simulations of the diffusivity of a molecular arrangement similar to Fig. 1͑a͒ , in which we assume that the modifications of the diffusion potential are additive. The open symbols of Fig. 1͑c͒ show the results. The interaction potential found here can reproduce the enhancement of diffusivity at increased local coverage. However, the reduction of the diffusivity at elevated coverages, as observed experimentally beyond Ϸ0.04 ML, are not reproduced at the correct coverage; the simulations predict deceleration of diffusion at about three times the experimental value ͑not shown͒. This indicates that effects beyond a linear superposition of adsorbate potentials, i.e., multi adsorbate interactions, play an important role at local coverages beyond 0.04 ML. This coincides well with prior observations of variations of the desorption behavior of CO in that coverage regime, 27 whose precise origin is under ongoing discussion. 28 In summary, we found that the evaluation of molecular diffusion directions in the vicinity of neighboring adsorbates can provide valuable information about intermolecular interactions, which allows reconstruction of the local perturbation of the diffusion potential on the meV level. This evaluation reaches insofar beyond analysis of pair separations, as it provides diffusion barriers both for transversal and radial diffusions of adsorbates. Knowledge of these barriers is crucial for reproducing the acceleration of diffusivity in the realm of coverages below 0.04 ML.
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